













6XPPDU\ 7KH SHWXQLD *5$6 WUDQVFULSWLRQ IDFWRU$7$5$0 UHJXODWHV V\PELRWLF

















$UEXVFXODUP\FRUUKL]D $0 LV DPXWXDO V\PELRVLV WKDW LQYROYHV D FRPSOH[
V\PELRWLFLQWHUIDFHRYHUZKLFKQXWULHQWVDUHH[FKDQJHGEHWZHHQWKHSODQWKRVWDQGWKH
$0 IXQJXV 'R]HQV RI JHQHV LQ WKH KRVW DUH UHTXLUHG IRU WKH HVWDEOLVKPHQW DQG
IXQFWLRQLQJ RI WKH LQWHUDFWLRQ DPRQJ WKHP QXWULHQW WUDQVSRUWHUV WKDW PHGLDWH WKH
XSWDNHRIPLQHUDOQXWULHQWVGHOLYHUHGE\WKHIXQJDODUEXVFXOHV:HKDYHLVRODWHGLQD
JHQHWLF PXWDQW VFUHHQ D SHWXQLD *5$6W\SH WUDQVFULSWLRQ IDFWRU $7<3,&$/
$5%86&8/( $7$ WKDW DFWV DV WKH FHQWUDO UHJXODWRURI$0UHODWHGJHQHVDQG LV
UHTXLUHGIRU WKHPRUSKRJHQHVLVRIDUEXVFXOHV)RUFHGP\FRUUKL]DO LQRFXODWLRQVIURP
QHLJKERXULQJ ZLOG W\SH SODQWV UHYHDOHG DQ DGGLWLRQDO UROH RI $7$ LQ UHVWULFWLQJ
P\FRUUKL]DOFRORQL]DWLRQRIWKHURRWPHULVWHP7KHODFNRI$7$ZKLFKUHSUHVHQWVWKH
RUWKRORJXH RI 5$0 LQ Medicago truncatula UHQGHUV WKH LQWHUDFWLRQ FRPSOHWHO\






























SKRWRDVVLPLODWHV 'RXGV HW DO  DQGSHUKDSV RWKHU YLWDO IDFWRUV IURP WKH KRVW
SODQW$WWKHFRUHRIWKHLQWHUDFWLRQLVWKHV\PELRWLFLQWHUIDFHRYHUZKLFKWKHQXWULHQWV
DUH H[FKDQJHG7KH LQWHUIDFH FRPSULVHV D KLJKO\ EUDQFKHG IXQJDO IHHGLQJ VWUXFWXUH
WKH DUEXVFXOH DQG WKH VXUURXQGLQJ KRVW PHPEUDQH LQ ZKLFK WKH DUEXVFXOH LV
DFFRPPRGDWHG(VWDEOLVKPHQWRI$0LQWHUDFWLRQVUHTXLUHVWKHPXWXDOUHFRJQLWLRQRI
WKHWZRSDUWQHUVDQGWKHDFWLYDWLRQRIDV\PELRVLVVSHFLILFSDWKZD\+DUULVRQ
*XWMDKU DQG 3DUQLVNH  2OGUR\G  ZKLFK UHOLHV RQ D VHULHV RI VRFDOOHG
FRPPRQV\PELRVLV6<0JHQHVEHFDXVHWKHLUIXQFWLRQLVUHTXLUHGIRUERWK$0DQG
WKH URRW QRGXOH V\PELRVLV 516RI WKH OHJXPHV .LVWQHU DQG3DUQLVNH 7KH




7KH FRPPRQ 6<0 JHQHV ZHUH GLVFRYHUHG LQ OHJXPHV E\ VXUYH\LQJ
QRGXODWLRQGHIHFWLYH PXWDQWV IRU WKHLU P\FRUUKL]DO SKHQRW\SHV 'XF HW DO 
KRZHYHUPRVWSODQWVGRQRW HQJDJH LQPXWXDO V\PELRVHVZLWKEDFWHULDKHQFH WKHLU
HTXLYDOHQWV RI FRPPRQ 6<0 JHQHV IXQFWLRQ RQO\ LQ $0 DQG FRXOG WKHUHIRUH EH
FRPSDUHGZLWK WKH DQFLHQW $0UHODWHG VLJQDOLQJ SDWKZD\ EHIRUH LW JRW DGRSWHG E\
UKL]RELD .LVWQHU DQG 3DUQLVNH  $OWKRXJK WKH OHJXPLQRXV VSHFLHVMedicago 
truncatula DQG Lotus japonicus DUH DPRQJ WKH OHDGLQJ PRGHO V\VWHPV IRU URRW
V\PELRVHV 8GYDUGLHW DO-RQHVHW DO LW LV LPSRUWDQW WRDOVRFRQVLGHU
QRQQRGXODWLQJ VSHFLHV VXFK DV ULFH Oryza sativa RU SHWXQLD (Petunia hybrida) LQ
ZKLFK WKH V\PELRVLVUHODWHGSDWKZD\VKDYHQRWEHHQ LQIOXHQFHGE\ WKHHYROXWLRQRI
516DQGWKHUHIRUHPD\UHVHPEOHWKHDQFHVWUDOPHFKDQLVPVHYROYHGIRU$0
2QH RI WKH GRZQVWUHDP FRQVHTXHQFHV RI VLJQDOOLQJ WKURXJK WKH V\PELRVLV
VLJQDOOLQJ SDWKZD\ LV WKH DFWLYDWLRQ RI D V\PELRVLVUHODWHG WUDQVFULSWLRQDO SURJUDP
ZKLFK LQYROYHV WKHDFWLYDWLRQRIGR]HQVRIJHQHV WKDWDUH WKRXJKW WREHUHTXLUHGIRU
WKHHVWDEOLVKPHQWRIWKHV\PELRWLFLQWHUIDFHDQGIRUV\PELRWLFIXQFWLRQLQJ/LXHWDO












+RJHNDPS DQG.VWHU &RPSDULVRQ EHWZHHQ WUDQVFULSWRPLF VWXGLHV LQ
GLFRWVVXFKDV M. truncatula, L. japonicus, P. hybrida, Solanum lycopersicumDQG
LQ WKH PRQRFRW PRGHO V\VWHP ULFH KDYH UHYHDOHG D FRQVHUYHG VHW RI $0LQGXFHG




DQGWUDQVFULSWLRQIDFWRUVVXFKDV&<&/236ȋ  Ǥǡ ʹͲͳͶȌ5$0*REEDWRHW
DODQG5$';XHHWDO
$ QXPEHU RI WUDQVFULSWLRQ IDFWRUV LQYROYHG LQ $0 DQGRU 516 KDYH EHHQ
LGHQWLILHGLQIRUZDUGJHQHWLFPXWDQWVFUHHQVDQGVRPHRIWKHPDUHVWURQJO\LQGXFHGLQ
$0 LQWHUDFWLRQV %HVLGHV &<&/236 6LQJK HW DO  V\PELRVLVUHODWHG 7)V
EHORQJSULPDULO\WRWKHODUJHIDPLO\RI*5$6WUDQVFULSWLRQIDFWRUV6PLWHWDO
*REEDWRHWDO;XHHWDO%RWK516DQG$0UHO\RQVSHFLILF*5$6
W\SH7)VZKLFK DUH WKRXJKW WRPHGLDWH VSHFLILF WUDQVFULSWLRQDO UHDGRXWV UHODWHG WR
$0ȋ
ǤǡʹͲͳʹǢǤǡʹͲͳͷȌDQG516ȋǤǡʹͲͲͷǢǤǡ
ʹͲͲͷȌǡ  +RZHYHU GHWDLOHG FKDUDFWHUL]DWLRQ RI PXWDQWV UHYHDOHG





FDQQRW HVWDEOLVK IXQFWLRQDO LQWHUDFWLRQV ZLWK GLYHUVH $0 IXQJL ,QIHFWLRQ IURP
FRORQL]HG ZLOG W\SH SODQWV QXUVHSODQWV LV SRVVLEOH KRZHYHU WKH DUEXVFXOH
SKHQRW\SHUHPDLQVATAHQFRGHVD*5$6W\SHWUDQVFULSWLRQIDFWRUDQGUHSUHVHQWVWKH
RUWKRORJXH RI RAM1 LQM. truncatula *HQH H[SUHVVLRQ DQDO\VLV UHYHDOHG WKDW WKH
LQGXFWLRQ RI DOO WHVWHG DUEXVFXOHUHODWHG PDUNHU JHQHV LQ SHWXQLD GHSHQGV RQ
$7$5$0ZLWKWKHQRWDEOHH[FHSWLRQRI9$3<5,1ZKLFKDSSHDUVWREHLQYROYHG






















DV LQ WKHZLOG W\SH DQG WKH\ZHUH FKDUDFWHUL]HG E\PDOIRUPHG DUEXVFXOHV )LJXUH
&' ,Q FDVHV ZKHUH WKH IXQJXV ZDV DEOH WR SHQHWUDWH WKH URRW VXUIDFH WKH ILUVW
K\SKDOFRLOLQWKHHSLGHUPLVDSSHDUHGQRUPDOKRZHYHULQWKHURRWFRUWH[WKHIXQJXV
GHYHORSHGSURIXVHK\SKDOPDWHULDOZLWKPDQ\VHSWDDQLQGLFDWLRQIRUVWUHVV)LJXUH
( %DVHG RQ WKH SURPLQHQW GHIHFW LQ DUEXVFXOH PRUSKRJHQHVLV WKH PXWDQW ZDV
WHUPHG atypical arbuscule ata 7KH ata SKHQRW\SH VHJUHJDWHG DV D UHFHVVLYH
PRQRJHQLFWUDLWZLWKPXWDQWVDPRQJVHJUHJDWLQJ)SODQWVPXWDQWV
SFKLVTXDUHWHVW
7R WHVW ZKHWKHU WKH $0GHIHFW LQ ata H[KLELWV UDFH RU VSHFLHVVSHFLILFLW\ WRZDUGV
GLIIHUHQW $0IXQJL WKUHH IXQJDO LVRODWHV ZLWK UHODWLYHO\ GLVWDQW SK\ORJHQHWLF
UHODWLRQVKLSVZHUHFRPSDUHG IRU WKHLUDELOLW\ WRFRORQL]HataQDPHO\R. irregularis
Simiglomus hoi DQGAcaulospora scrobicularia 6WRFNLQJHUHWDO.UXHJHUHW
DO $OO WKUHH IXQJL UHDFKHG ORZGHJUHHVRI WUDQVLHQW LQIHFWLRQXS WRZHHNV
DIWHULQRFXODWLRQEXWHYHQWXDOO\UHPDLQHGXQVXFFHVVIXOLQFRORQL]LQJata)LJXUH6
+HQFHWKHPXWDWLRQLQWKHATAJHQHUHVXOWVLQDJHQHUDOGHIHFWLQ$0V\PELRVLV
7KH LQLWLDO WUDQVLHQW LQIHFWLRQV )LJXUH %'( LQGLFDWH WKDWata FDQEHSHQHWUDWHG
EXWFDQQRWHQWHUWDLQD IXQFWLRQDO LQWHUDFWLRQZLWK$0IXQJL,QVXFKFDVHVQXWULWLRQ
IURPDQHDUE\JURZLQJZLOGW\SHSODQWFDQSRWHQWLDOO\HQDEOHWKHIXQJXVWRFRORQL]H
$0GHIHFWLYH PXWDQWV D V\VWHP NQRZQ DV QXUVHSODQW LQRFXODWLRQ 1XUVHSODQWV
UHSUHVHQW D YHU\ VWURQJ LQRFXOXP IURP ZKLFK KLJKO\ $0UHVLVWDQW PXWDQWV
)HGGHUPDQQ HW DO  DQG HYHQ QRQKRVW SODQWV 9HLJD HW DO  FDQ EH
FRORQL]HG ,QGHHG QXUVHSODQW LQRFXODWLRQ RI ata UHVXOWHG LQ UDSLG DQG HIILFLHQW
FRORQL]DWLRQ )LJXUH $% KRZHYHU WKH GHIHFW LQ DUEXVFXOH GHYHORSPHQW ZDV
UHWDLQHG )LJXUH &' 7KHVH UHVXOWV VKRZ WKDW WKH ATA JHQH LV HVVHQWLDO IRU




























FORQHG D WUDQVSRVRQ IODQNLQJ VHTXHQFH WKDW VWULFWO\ FRVHJUHJDWHG ZLWK WKH ata
SKHQRW\SH)LJXUH6$7KHVHTXHQFHUHSUHVHQWHGDVKRUWIUDJPHQWIURPWKHFRGLQJ
UHJLRQRID*5$6WUDQVFULSWLRQIDFWRUJHQHWKDWFRQWDLQVWZRH[RQVRIDQG











SUHGLFWHG SURWHLQ RI  DPLQR DFLGV 7KH WUDQVSRVRQ KDG LQVHUWHG LQ WKH VHFRQG
SUHGLFWHGH[RQQXFOHRWLGHVGRZQVWUHDPRIWKH$7*VWDUWFRGRQ)LJXUH6%
,Q RUGHU WR YHULI\ WKDW WKH PXWDWLRQ LQ WKLV *5$6 WUDQVFULSWLRQ IDFWRU JHQH LV
UHVSRQVLEOH IRU WKH $0GHIHFWLYH SKHQRW\SH LQ ata PXWDQWV ZH VHDUFKHG IRU




  Ǥǡ ͳͻͻͲȌDQG
WKHUHIRUHFDXVHDQLUUHYHUVLEOHVKLIWLQWKHUHDGLQJIUDPH+RZHYHULQUDUHFDVHVWKH




UHVWRUHV WKH UHDGLQJIUDPHDQGWKHUHIRUH OHDGV WRDIXQFWLRQDOSURWHLQ )LJXUH6&
7KHVLPXOWDQHRXVUHFRYHU\RIWKHataSKHQRW\SHDQGWKHQHDUO\SHUIHFWUHVWDXUDWLRQRI
WKH JHQH VHTXHQFH LQ WKH UHYHUWDQW VXJJHVW WKDW WKH ata SKHQRW\SH LV FDXVHG E\ WKH
WUDQVSRVRQ LQVHUWLRQ LQ WKH*5$6JHQH7KH*5$6 WUDQVFULSWLRQ IDFWRU HQFRGHGE\
WKHATAJHQHH[KLELWVFORVHKRPRORJ\WRMtRAM1DQGWRSUHGLFWHG*5$6SURWHLQV




ʹͲͳͶȌ 7DNHQ WRJHWKHU WKHVH UHVXOWV LQGLFDWH WKDW ATA UHSUHVHQWV WKH RUWKRORJ RI
RAM1LQMedicago truncatulaWKHUHIRUHZHIXUWKHUUHIHUWRLWDVATARAM1
7KHram1-1PXWDQWLQM. truncatulaZDVUHSRUWHGWREHGHIHFWLYHDWDYHU\HDUO\SRLQW
RI WKH LQWHUDFWLRQ EHIRUH LQIHFWLRQ *REEDWR HW DO  ZKHUHDV WKH GHIHFW LQ
ataram1PXWDQWVLQSHWXQLDLVDWDFRQVLGHUDEO\ODWHUVWDJHRIWKHLQWHUDFWLRQQDPHO\
DW WKH VWDJH RI DUEXVFXOH GHYHORSPHQW VHH DERYH ,Q RUGHU WR YHULI\ WKH PXWDQW
SKHQRW\SH RI RXU ILUVW ataram1 DOOHOH ZH REWDLQHG WZR DGGLWLRQDO PXWDQW DOOHOHV
ram1-2DQGram1-3UHVSHFWLYHO\IURPDODUJHFROOHFWLRQRIWUDQVSRVRQPXWDJHQL]HG
SODQWVFKDUDFWHUL]HGE\GHHSVHTXHQFLQJȋ  Ǥǡ ʹͲͲͺȌ%RWKQHZ
DOOHOHV KDYH G7SK LQVHUWLRQV LQ WKH ILUVW H[RQ DIWHU  DQG  ES RI WKH FRGLQJ
















)LJXUH () 7KHVH UHVXOWV FRUURERUDWH WKH HVVHQWLDO DUEXVFXOHUHODWHG IXQFWLRQ RI















HOLPLQDWH PRVW ata/ram1-1 RU DOO ram1-2 ram1-3 RI WKH FRQVHUYHG &WHUPLQDO
'1$ELQGLQJGRPDLQ)LJXUH6DQGVLQFHDOOWKUHHDOOHOHVH[KLELWWKHVDPHVWURQJ
$0GHIHFWLYHSKHQRW\SHWKH\DUHOLNHO\WRUHSUHVHQWIXQFWLRQDOQXOODOOHOHV












VHYHUDO$0LQGXFHG WUDQVFULSWV *REEDWRHW DO;XHHW DO ,QRUGHU WR
DVVHVVWKHUROHRIWKHSHWXQLD5$0LQ$0UHODWHGJHQHLQGXFWLRQZHFKRVHDSDQHO
RI$0UHODWHGPDUNHUJHQHV LQFOXGLQJATARAM1 LWVHOI WKHVAPYRINJHQH WKDW LV
UHTXLUHG IRU LQWUDFHOOXODU DFFRPPRGDWLRQ RI $0 IXQJL )HGGHUPDQQ HW DO 
3XPSOLQHWDO0XUUD\HWDOWKHWZRP\FRUUKL]DOSKRVSKDWHWUDQVSRUWHUV
PT4DQGPT5ȋò  Ǥǡ ʹͲͲͺǢ   Ǥǡ ʹͲͳͲȌWKHFORVHVWSHWXQLD
KRPRORJXHVRIWKH*W\SH$%&WUDQVSRUWHUJHQHVSTUNTED ARBUSCULESTRDQG
STR2 RIM. truncatula =KDQJ HW DO  D JO\FHUROSKRVSKDWH DF\OWUDQVIHUDVH
GPAT WKDW LV FORVHO\ UHODWHG WR WKH $0VSHFLILF RAM2 JHQH LQ M. truncatula
:DQJHWDODQGWZR$0PDUNHUVZLWKXQNQRZQIXQFWLRQVXEWLODVHDQGEOXH
FRSSHUELQGLQJSURWHLQ%&3ȋ  Ǥǡ ʹͲͳͲȌ,QRUGHUWRDFKLHYHFRPSDUDEOH
FRORQL]DWLRQ OHYHOV LQDOOJHQRW\SHV ZWDQG WKH WKUHH ram1 DOOHOHV WKHSODQWVZHUH
LQRFXODWHGZLWKQXUVHSODQWV
([SUHVVLRQ RIATARAM1 DQG RI DOO $0PDUNHU JHQHV H[FHSW IRUVAPYRIN ZDV
XQGHWHFWDEOHRUYHU\ORZLQQRQP\FRUUKL]DOFRQWUROURRWVEXWZDVVWURQJO\LQGXFHG
LQP\FRUUKL]DOZLOGW\SHURRWVZKHUHDVWKHLQGXFWLRQZDVDEROLVKHGLQWKHataram1-1
PXWDQW )LJXUH 6 7R FRQILUP WKLV PROHFXODU SKHQRW\SH ZH FRPSDUHG WKH












DOO WKUHH ram1 DOOHOHV WKH $0 PDUNHU JHQHV UHPDLQHG YHU\ ORZ RU XQGHWHFWDEOH
)LJXUH  DQG 7DEOH 6 $Q H[FHSWLRQ ZDV VAPYRIN ZKLFK LV FRQVWLWXWLYHO\
H[SUHVVHG DQG EHFRPHV IXUWKHU LQGXFHG LQ P\FRUUKL]DO URRWV )HGGHUPDQQ HW DO
 DQG ZKR
V H[SUHVVLRQ ZDV RQO\ PDUJLQDOO\ DIIHFWHG E\ WKH PXWDWLRQV LQ
ATARAM1 )LJXUH  DQG7DEOH 67KHVH ILQGLQJV DUH LQ FRQWUDVW WR WKHvapyrin





8QH[SHFWHGO\QXUVHSODQW LQRFXODWLRQRIataram1-1 UHVXOWHG LQ VLJQLILFDQWO\KLJKHU
FRORQL]DWLRQOHYHOVWKDQLQWKHZLOGW\SH)LJXUH$%9LVXDOLQVSHFWLRQVXJJHVWHG
FRORQL]DWLRQRIWKHURRWWLSVKHQFHWKLVDVSHFWZDVTXDQWLILHG$OOWKUHHPXWDQWDOOHOHV
DQG WZR FRPSDUDEOH ZLOG W\SH DFFHVVLRQV ZHUH VFRUHG LQ WZR LQGHSHQGHQW
H[SHULPHQWV IRU WKHSUHVHQFHRI IXQJDO VWUXFWXUHV LQμPLQWHUYDOV IURP WKH URRW
WLS,QWKHZLOGW\SHRQO\RIWKHURRWVZHUHFRORQL]HGXSWRWKHURRWWLS
μP ZKHUHDV LQ WKH WKUHH PXWDQW OLQHV  RI WKH URRW WLSV FRQWDLQHG IXQJDO
VWUXFWXUHV)LJXUH$('HWDLOHGTXDQWLILFDWLRQRIWKHGLIIHUHQWIXQJDOVWUXFWXUHVLQ
URRW WLSV VKRZHG WKDW ERWK WRWDO FRORQL]DWLRQ DQG WKH IRUPDWLRQ RI YHVLFOHV ZHUH
LQFUHDVHG LQ WKH PXWDQWV )LJXUH '* 7KH GLIIHUHQFHV LQ FRORQL]DWLRQ EHWZHHQ
PXWDQWVDQGZLOGW\SHZHUHLQDOOFDVHVVLJQLILFDQW)LJXUH67DNHQWRJHWKHUWKHVH
UHVXOWV VKRZ WKDW GHVSLWH WKH GHIHFW LQ DUEXVFXOH GHYHORSPHQW )LJXUH  ram1


















(VWDEOLVKPHQW RI PXWXDO V\PELRVHV VXFK DV $0 DQG 516 UHTXLUHV D IXQGDPHQWDO
UHSURJUDPPLQJRI URRW FHOOV(SLGHUPDO DQGK\SRGHUPDO FHOOV DUH LQYROYHG LQ HDUO\
















DUH NHSW VLOHQW GHVSLWH WKH PDVVLYH $0 IXQJDO FRORQL]DWLRQ LQ P\FRUUKL]DO URRWV
ȋ  Ǥǡ ʹͲͳͳȌ 7KH DFTXLVLWLRQ RI WKHVH PXOWLSOH QHZ WUDLWV HQWDLOV
WUDQVFULSWLRQDOUHSURJUDPPLQJRIV\PELRWLFSODQWFHOOV




  Ǥǡ ʹͲͳͶȌRQO\IHZRIWKHLUGRZQVWUHDPWDUJHWVKDYHEHHQGHWHUPLQHG)RU
H[DPSOHRAM1KDVEHHQVKRZQWREHUHTXLUHGIRULQGXFWLRQRIRAM2ȋ
 
Ǥǡ ʹͲͳʹǢ   Ǥǡ ʹͲͳͷȌNSP1DQGNSP2LQGXFHWKHVWULJRODFWRQHELRV\QWKHWLF
JHQHDWARF27ȋ  Ǥǡ ʹͲͳͳȌCYCLOPS LQGXFHVWKHNODULE-INCEPTION
NIN JHQH ȋ  Ǥǡ ʹͲͳͶȌ DQG5$' FRQWULEXWHV WR LQGXFWLRQ RISTR DQG
RAM2 ȋ  Ǥǡ ʹͲͳͷȌ 6LQFH PRVW RI WKHVH VWXGLHV KDG EHHQ FDUULHG RXW LQ
OHJXPHV WKH TXHVWLRQ DULVHV WR ZKLFK GHJUHH WKH PHQWLRQHG WUDQVFULSWLRQ IDFWRUV
FRQWULEXWHWRWKHWZRV\PELRVHV$0DQG516$WOHDVWIRU163DQGIRU&<&/236
DGXDOUROH LQERWKV\PELRVHVKDVEHHQVKRZQȋ  Ǥǡ ʹͲͲͺǢ   Ǥǡ
ʹͲͳͳȌ
6LQFHWKHPDMRULW\RI$0FRPSHWHQWSODQWVGRHVQRWHQJDJHLQ516LWLVLPSRUWDQWWR
OHDUQ KRZ V\PELRWLF VLJQDOOLQJ LV WUDQVODWHG LQWR D WUDQVFULSWLRQDO UHVSRQVH LQ SODQW
VSHFLHVWKDWZHUHQRWLQIOXHQFHGE\WKHHYROXWLRQRI5167KHH[DPSOHRISHWXQLDLV
LGHDOO\VXLWHGIRUWKLVEHFDXVHLWV$0UHODWHGWUDQVFULSWRPHKDVEHHQFKDUDFWHUL]HGLQ
GHWDLOȋ  Ǥǡ ʹͲͳͲȌ+HUHZHVKRZWKDWWKHATARAM1JHQHRISHWXQLD
HQFRGHV D FHQWUDO WUDQVFULSWLRQDO LQGXFHU RI $0UHODWHG JHQHV DQG DQ HVVHQWLDO
FRPSRQHQWLQWKHGHYHORSPHQWRIWKHIXQJDODUEXVFXOHV







XVHG QXUVHSODQW LQRFXODWLRQ WR DFKLHYH FRPSDUDEOH FRORQL]DWLRQ OHYHOV LQ DOO
JHQRW\SHV 1XUVHSODQWV DUH ZHOO FRORQL]HG ZLOG W\SH SODQWV WKDW JURZ QHDUE\ WKH
PXWDQWV DQG UHSUHVHQW D YHU\ VWURQJ VRXUFH RI LQRFXOXP 6XFK LQRFXOXP FDQ HYHQ
UHVXOW LQ FRORQL]DWLRQ RI WKHǦ  Arabidopsis thaliana ȋ  Ǥǡ
ʹͲͳ͵Ȍǡ  LQ WKH VWURQJO\ $0UHVLVWDQW vapyrin PXWDQW QXUVHSODQW LQRFXODWLRQ
WULJJHUHG WKH LQGXFWLRQ RI WKH $0PDUNHU JHQH PT4 DOWKRXJK DW UHGXFHG OHYHOV
ȋ	ǤǡʹͲͳͲȌ
:H H[DPLQHG WKH H[SUHVVLRQRI HLJKW DUEXVFXOHDVVRFLDWHGPDUNHU JHQHVPT4PT5
RAM2STRSTR2VAPYRINVHHUHIHUHQFHVDERYHDVZHOODVVXEWLODVHȋ 
Ǥǡ ʹͲͲ͹ȌǡDQGDEOXHFRSSHUELQGLQJSURWHLQȋ  Ǥǡ ʹͲͳͲȌDOOUHSUHVHQWLQJ
FRQVHUYHG$0UHVSRQVLYHPDUNHUJHQHVȋ  Ǥǡ ʹͲͳͲȌ'HVSLWHHIILFLHQW
FRORQL]DWLRQIURPQXUVHSODQWV)LJXUHDOOWKHVHJHQHVUHPDLQHGVLOHQWLQataram1
PXWDQWVZLWKWKHH[FHSWLRQRIVAPYRINZKLFKVWLOOVKRZHGFRQVWLWXWLYHH[SUHVVLRQ
DQGP\FRUUKL]DO LQGXFWLRQ )LJXUH  7DEOH 6 9$3<5,1 UHSUHVHQWV D FRPPRQ
V\PELRVLVJHQHWKDWDFWVGRZQVWUHDPRIFDOFLXPVSLNLQJȋ  Ǥǡ ʹͲͳͳȌDQGLV
UHTXLUHGDWHDUOLHUVWDJHVRI$0LQIHFWLRQWKDQATARAM1QDPHO\DWFHOOSHQHWUDWLRQ




1XUVHSODQW LQRFXODWLRQ DOORZHG XV WR GLVFRYHU D VHFRQG LPSRUWDQW DVSHFW RI WKH
ataram1SKHQRW\SHAtaram1PXWDQWV WHQGHG WREHFRORQL]HGDWKLJKHU OHYHOV WKDQ
WKHZLOG W\SH )LJXUH$QREYLRXVDVSHFWRI WKHFRORQL]HGPXWDQW URRWVZDV WKDW
WKH\RIWHQH[KLELWHGIXQJDOFRORQL]DWLRQLQWRWKHH[WUHPHURRWWLS)LJXUHDUHJLRQ
WKDWLVQRUPDOO\QRWFRORQL]HG7KLVLQGLFDWHVWKDWATARAM1LVQRWRQO\LQYROYHGLQ
WKH LQGXFWLRQ RI DUEXVFXOHDVVRFLDWHG JHQHV )LJXUH  EXW DOVR LQ D QHJDWLYH
IHHGEDFN ORRS WKDW SURWHFWV WKH URRW PHULVWHPV IURP H[FHVVLYH $0 IXQJDO
FRORQL]DWLRQ &RORQL]HG URRW WLSV KDG D QRUPDO RYHUDOO VKDSH DQG DSSHDUDQFH







,Qram1PXWDQWVDOO WKHFRPPRQ6<0JHQHVDUH LQWDFWDQGDFFRUGLQJO\ WKHLQLWLDO
LQIHFWLRQHYHQWVVXFKDVWKHIRUPDWLRQRIK\SKRSRGLDRQWKHURRWVXUIDFHDQGK\SKDO
FRLOV LQ HSLGHUPDO FHOOV DUHQRUPDO LQ ram1PXWDQWV )LJXUH 'LIIHUHQFHV LQ WKH
LQWHUSUHWDWLRQRIWKHPXWDQWSKHQRW\SHVLQWKLVVWXG\DQGLQSUHYLRXVVWXGLHVȋ

 Ǥǡ ʹͲͳʹǢ   Ǥǡ ʹͲͳͷȌPD\EHGXHWRGLIIHUHQFHVLQWKHWLPLQJRIVDPSOLQJ
DQGRULQGLIIHUHQFHVLQWKHLQRFXODWLRQSURFHGXUH,QFRQWUDVWWRWKHHDUO\VWDJHVRIWKH
LQWHUDFWLRQ LQIHFWLRQ LQ WKH FRUWH[ DQG LQ SDUWLFXODU DUEXVFXOH GHYHORSPHQW ZHUH
VWURQJO\ DIIHFWHG LQ ram1 PXWDQWV )LJXUH  7KH WLPLQJ RI WKHVH UHODWLYHO\ ODWH
GHIHFWVDUHFRQVLVWHQWZLWKWKHPROHFXODUGHIHFWRIram1PXWDQWVZKLFKLVWKHODFNRI
LQGXFWLRQRIJHQHVWKDWDUHH[SUHVVHGLQFHOOVZLWKDUEXVFXOHVLQSDUWLFXODU37675
675 DQG 5$0 :H FRQFOXGH WKDW ram1 KDV D UHODWLYHO\ ODWH GHIHFW LQ $0
GHYHORSPHQWZKLFKKRZHYHUWUDQVODWHVLQWRDVWURQJJHQHUDO$0GHIHFWEHFDXVHRI
WKH ODFN RI VHFRQGDU\ LQIHFWLRQ HYHQWV 7KHUHIRUH WKH SKHQRW\SH RI ram1 DW ODWHU
VWDJHV DSSHDUV YHU\ VWURQJ HYHQ VWURQJHU WKDQ PXWDQWV DIIHFWHG LQ FRPPRQ 6<0
JHQHV ZKLFK DFW XSVWUHDP DQG DUH DIIHFWHG DW HDUO\ VWDJHV RI LQIHFWLRQ EXW SHUPLW
RFFDVLRQDO LQIHFWLRQ HYHQWV WKDW FDQ GHYHORS LQWR DOPRVW QRUPDO LQIHFWLRQ XQLWV
%RQIDQWHHWDO1RYHURHWDO'HPFKHQNRHWDO
6HYHUDO RI WKH DUEXVFXOHDVVRFLDWHG JHQHV ZHUH VKRZQ WR EH HVVHQWLDO IRU $0
V\PELRVLV 7KHLU PXWDWLRQ UHVXOWV LQ GHIHFWLYH V\PELRVLV ZKLFK LV RIWHQ DVVRFLDWHG
ZLWK LQFRPSOHWHGHYHORSPHQWDQGRUSUHPDWXUHVHQHVFHQFHRI WKHIXQJDODUEXVFXOHV




DERUWLRQ RI$0GHYHORSPHQW %DVHG RQ WKH FROOHFWLYH HYLGHQFH GHVFULEHG KHUHZH











































$5RRWFRORQL]DWLRQ LQ WKHZLOG W\SH Petunia hybrida OLQH:FRORQL]HGE\R. 






(2YHUYLHZ RI WKH GHYHORSPHQWDO VWDJHV RIR. irregularis LQata $ K\SKRSRGLXP
DUURZDQGDQLQIHFWHGHSLGHUPDOFHOOZLWKDIXQJDOK\SKDFURVVPDUNDVXFFHVVIXO
LQIHFWLRQ HYHQW 1RWH WKH IUHTXHQW VHSWD LQ WKH IXQJDO K\SKDH ZKLWH DUURZKHDGV
LQGLFDWLYHRIVWUHVVLQWKHIXQJXV
&ROXPQV UHSUHVHQW WKH DYHUDJH RI ILYH ELRORJLFDO UHSOLFDWHV  VWDQGDUG GHYLDWLRQ
6LJQLILFDQW GLIIHUHQFHV 6WXGHQW














&ROXPQV UHSUHVHQW WKH DYHUDJH RI ILYH ELRORJLFDO UHSOLFDWHV  VWDQGDUG GHYLDWLRQ
6LJQLILFDQW GLIIHUHQFHV 6WXGHQW




*HQH H[SUHVVLRQ ZDV DQDO\]HG E\ TXDQWLWDWLYH UHDO WLPH 573&5 RQH ZHHN DIWHU
LQRFXODWLRQZLWKR. intraradicesIURPQXUVHSODQWV7ZRLQGHSHQGHQWH[SHULPHQWVDUH
VKRZQ LQ FRPELQDWLRQ)LUVWO\ZLOG W\SH EOXHYVataram1-1 UHG DQG VHFRQGO\
17
ZLOGW\SH JUHHQ YV ram1-2 SXUSOH DQG ram1-3 RUDQJH &ROXPQV UHSUHVHQW WKH
DYHUDJH RI WKUHH LQGHSHQGHQW ELRORJLFDO UHSOLFDWHV  VWDQGDUG GHYLDWLRQ *HQH
H[SUHVVLRQYDOXHVDUHH[SUHVVHGUHODWLYHWRWKHFRQVWLWXWLYHO\H[SUHVVHGUHIHUHQFHJHQH
*$3'+ 6LJQLILFDQW GLIIHUHQFHV 6WXGHQW


















)LJXUH 6$0GHIHFWLYH SKHQRW\SH RI ataPXWDQW LQ FRPELQDWLRQZLWK GLYHUVH
$0IXQJL
:LOGW\SHDQGataPXWDQWVZHUHLQRFXODWHGZLWKR. irregularisSimiglomus hoiDQG
Acaulospora scrobiculata 7RWDO URRW FRORQL]DWLRQZDV DVVHVVHG DIWHU    DQG 
ZHHNV &ROXPQV UHSUHVHQW WKH DYHUDJH RI WKUHH ELRORJLFDO UHSOLFDWHV  VWDQGDUG
GHYLDWLRQ6LJQLILFDQW GLIIHUHQFHV 6WXGHQW








OLQHV UHSUHVHQW H[RQV WKH WKLQ OLQH UHSUHVHQWV WKH VLQJOH LQWURQ$UURZV LQGLFDWH WKH
LQVHUWLRQVLWHVRIG73KLQWKHDOOHOHVataram1-1ram1-2DQGram1-3UHVSHFWLYHO\
&$QDO\VLV RI WKH UHYHUWDQW DOOHOH RIataram1-1 LQ FRPSDULVRQZLWK WKH UHVSHFWLYH
VHTXHQFH VWUHWFK RI WKH ZLOG W\SH DOOHOH LQPetunia axillaris DV ZHOO DV WKH FORVHVW
KRPRORJXHVIURPM. truncatulaULFHOryza sativaDQGPD\]HZea maysFRPSDUH
ZLWK)LJXUH61RWHDGHOHWLRQRIDPLQRDFLGUHVLGXHVLQWKHUHYHUWDQWDOOHOH3D
$7$UHY
' 3K\ORJUDP RI WKH SUHGLFWHG$7$ SURWHLQ IURPP. axillaris DQG5$0 IURPM.
truncatula WRJHWKHU ZLWK WKH FORVHVW KRPRORJV IURP YDULRXV PRQRFRW Zea mays
Brachypodium distachyon Setaria italica Sorghum bicolor DQG GLFRW VSHFLHV
Capsella rubella Arabidopsis thaliana Arabidopsis lyrata Lotus japonicus






WKH FORVHVW KRPRORJV RI ULFH Oryza sativa DQGPD\]H Zea mays XVLQJPXOWDOLQ








&ROXPQV UHSUHVHQW WKH DYHUDJH RI ILYH ELRORJLFDO UHSOLFDWHV  VWDQGDUG GHYLDWLRQ
6LJQLILFDQW GLIIHUHQFHV 6WXGHQW


















7KHGDWDVKRZQLQ)LJXUH'(ZDV WUDQVIRUPHG LQWRVXUYLYDOFXUYHV/RJUDQN WHVW
ZDVSHUIRUPHG WRDVVHVV WKHVLJQLILFDQFHRI WKHGLIIHUHQFHEHWZHHQ WKHFXUYHV$S







R. irregularisQXUVHSODQW LQRFXOXP*HQHH[SUHVVLRQZDVDQDO\]HG LQ WKHZLOG W\SH
DQG WKH WKUHH SHWXQLD ram1 DOOHOHV UHODWLYH WR*$3'+H[SUHVVLRQ*HQH H[SUHVVLRQ
YDOXHV UHSUHVHQW WKH PHDQ RI WKUHH LQGHSHQGHQW ELRORJLFDO UHSOLFDWHV &RPSDULVRQ


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































K\SRFKORULWH   PLQ ULQFHG ILYH WLPHV LQ VWHULOH ZDWHU DQGJHUPLQDWHG RQ
VHHGOLQJ VXEVWUDWH .ODVPDQQ KWWSZZZNODVPDQQGHLOPDQQFRP $IWHU IRXU
ZHHNV SODQWOHWV ZHUH WUDQVIHUUHG WR D VWHULOL]HG PL[WXUH RI  VDQG ZLWK 
XQIHUWLOL]HGVRLOIXUWKHUUHIHUUHGWRDVVDQGVXEVWUDWHDQGLQRFXODWHGZLWKDURXQGJ
RI VRLO LQRFXOXP RI Rhizophagus irregularis 08&/  6HHGV RIMedicago 
truncatulaZHUHVFDULILHGLQFRQFHQWUDWHGVXOIXULFDFLGPLQDQGVXUIDFHVWHULOL]HG
DV GHVFULEHG DERYH EHIRUHJHUPLQDWLRQ RQ VHHGOLQJ VXEVWUDWH GD\ROG SODQWOHWV
ZHUHWUDQVIHUUHGWRVDQGVXEVWUDWHIRULQRFXODWLRQ1XUVHSODQWLQRFXODWLRQZDVFDUULHG
RXW E\ FRFXOWXULQJ SHWXQLD SODQWV ZLWK OHHN SODQWV Allium porrum WKDW KDG EHHQ
LQRFXODWHGDWOHDVWIRXUZHHNVEHIRUH3ODQWVZHUHJURZQLQJURZWKFKDPEHUVZLWKD
GD\QLJKW F\FOH RI K &K & 3ODQWV ZHUH IHUWLOL]HG ZHHNO\ ZLWK D
VROXWLRQFRQWDLQLQJP00J62P0.12P0.&OP0.+32







)OXND%XFKV6ZLW]HUODQGDW&DQG ULQVHG WZLFHZLWK ODFWLF DFLG 3KLOOLSV
DQG +D\PDQ  5RRW FRORQL]DWLRQ ZDV TXDQWLILHG ZLWK D PRGLILHG JULGOLQH
LQWHUVHFWLRQ PHWKRG 0F*RQLJOH HW DO  %ULHIO\ URRWV ZHUH KRUL]RQWDOO\
GLVWULEXWHGRYHUDJULGRIYHUWLFDO\HOORZVWULSHVDQGLQWHUVHFWLRQVZHUHVFRUHGIRU
WKH SUHVHQFH RI IXQJDO VWUXFWXUHV ,PDJHV ZHUH DFTXLUHG XVLQJ D =HLVV $[LRFDP
KWWSZZZ]HLVVFRP PRXQWHG RQ D /HLFD '05 &RORQL]DWLRQ RI URRW WLSV ZDV
DVVHVVHGILYHZHHNVDIWHULQWURGXFWLRQLQWKHQXUVHFKDPEHUV\VWHPE\PHDVXULQJWKH
26





hybrida DV GHVFULEHG 6HNKDUD 5HGG\ HW DO  %ULHIO\ HLJKW LQGLYLGXDOV IURP
VHJUHJDWLQJ IDPLOLHV ZHUH DVVHVVHG IRU P\FRUUKL]DO FRORQL]DWLRQ DIWHU  ZHHNV RI
FRORQL]DWLRQ ZLWK R. irregularis 5RRW VDPSOHV ZHUH WDNHQ IURP LQRFXODWHG SODQWV
VWDLQHG DV GHVFULEHG DERYH DQG VFUHHQHG YLVXDOO\ IRU WKH SUHVHQFH RI $0 IXQJDO
VWUXFWXUHV )DPLOLHV ZLWK $0GHIHFWLYH LQGLYLGXDOV ZHUH IXUWKHU JURZQ IRU VHHG
SURGXFWLRQ DQG DGGLWLRQDO VHHGV RI WKH UHVSHFWLYH IDPLO\ZHUH VDZQ IRU SKHQRW\SLF
DQDO\VLV DQG DVVHVVPHQW RI WKH VHJUHJDWLRQ SDWWHUQ &ORQLQJ RI WKH DWD DOOHOH ZDV






7RWDO 51$ ZDV LVRODWHG XVLQJ WKH JXDQLGLQLXP WKLRF\DQDWHSKHQROFKORURIRUP
PHWKRG&KRPF]\QVNLDQG6DFFKLF'1$V\QWKHVLVZDVSHUIRUPHGRQJRI
51$ZLWK WKH2PQLVFULSW57 NLW 4,$*(1 XVLQJ DPL[ RI ROLJR G7 DQG UDQGRP
SULPHUV 3URPHJD 4XDQWLWDWLYH UHDO WLPH 573&5 ZDV SHUIRUPHG ZLWK WKH
6HQVL0L[6<%5+L52;.LW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